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VER the past decade, the numbers of infants infected by the transmission of human immunodeficiency virus type 1 (HIV-1) from their mothers have increased greatly. 1 In general, the depletion of CD4 cells and the progression of HIV-1-related disease are more rapid in infants and children than in adults infected with HIV-1. 2 Effective interventional therapies for maternally infected children are needed.
For HIV-1-infected children, therapy has primarily consisted of a single inhibitor of reverse transcriptase, and its efficacy has been moderate and limited in duration. Recently, studies in adults [3] [4] [5] [6] have documented continuous, high-level replication of HIV-1 even early in infection. These data have helped explain the limitations of prior therapeutic approaches and suggest that the best chance of preventing disease after HIV-1 infection lies in controlling replication of the virus as early in the course of infection as possible.
O
Moderate reductions in the load of HIV-1 in blood have been documented in infants who received nevirapine alone or in combination with zidovudine. 7 Therefore, we sought to study the antiretroviral efficacy of a three-drug regimen consisting of zidovudine, didanosine, and nevirapine administered orally to maternally infected infants and children. Efforts were made to begin the combined treatment in the first few months of life.
METHODS

Study Design
This open-label, phase 1-2 study was conducted at two pediatric AIDS Clinical Trials Group (ACTG) sites (the Western New England Pediatric ACTG Consortium and the University of California, Los Angeles). HIV-1-infected infants 2 through 24 months of age were eligible for the study, but enrollment focused on infants under the age of 4 months. The details of the criteria for inclusion and exclusion, concomitant medications, and the schedule of evaluations have previously been described. 7 Before enrollment, each participant had a complete history taking and physical examination, an evaluation of medications, and an electrocardiogram; a complete blood count; measurements of electrolytes, blood urea nitrogen, and creatinine; and tests of liver and thyroid function.
At each study visit, potential toxic effects of medications or HIV-1-related symptoms were assessed and a complete physical examination was performed. Height and weight were measured at entry into the study and monthly thereafter. The laboratory assessment of potential toxic effects of medications was made at enrollment, on days 14 and 28, and monthly thereafter. Studies of lymphocyte surface markers were performed at enrollment and on days 28, 56, 84, and 168. Blood to measure the trough plasma concentration of nevirapine was obtained just before the nevirapine dose given at entry and on days 14, 28, 42, 56, 70, 84, and 168. Blood was collected to obtain viral isolates and measure
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Study Medications
The following doses of the study drugs were used: 120 mg of nevirapine (Viramune, Boehringer-Ingelheim) per square meter of body-surface area, given once daily for 28 days, after which time 200 mg per square meter was given every 12 hours; 180 mg of zidovudine (Retrovir, Glaxo Wellcome) per square meter, given every 8 hours; and 120 mg of didanosine (Videx, Bristol-Myers Squibb) per square meter, given every 12 hours. All the medications were supplied as suspensions or syrup (nevirapine, 5 and 10 mg per milliliter; zidovudine, 10 mg per milliliter; and didanosine, 10 mg per milliliter).
Measurement of Plasma Nevirapine
Plasma nevirapine concentrations were measured by high-performance liquid chromatography with a validated procedure, as previously described. 7 
Determination of Lymphocyte Subgroups
The relative percentages of CD3 ϩ CD4 ϩ , CD3 ϩ CD8 ϩ , CD8 ϩ DR ϩ , CD8 ϩ CD38 ϩ , and CD8 ϩ CD57 ϩ lymphocytes in peripheral blood were determined by direct immunofluorescence with fluorescein isothiocyanate or phycoerythrin-conjugated mouse monoclonal antibodies (Becton Dickinson). Samples were analyzed by flow cytometry (FACScan, Becton Dickinson).
Quantitative Cultures of Plasma and Peripheral-Blood Mononuclear Cells
Quantitative cultures of plasma and peripheral-blood mononuclear cells (PBMCs) were performed by limiting-dilution methods with standard protocols. 8 
Detection and Quantitation of HIV-1 Genomes in PBMCs
A commercially available kit (Roche Diagnostic Systems) was used to detect and quantify the HIV-1 genome in the PBMCs of the study patients by the polymerase chain reaction (PCR). 9 Quantitation of Plasma HIV-1 RNA by PCR HIV-1 RNA was quantified in 200 m l of EDTA-anticoagulated plasma (stored at Ϫ 70°C within six hours after phlebotomy) by PCR after reverse transcription (Amplicor, Roche). The lower limit of detection of the assay is 400 copies of HIV-1 RNA per milliliter of plasma. 10 All the assays were performed in a laboratory that participates in an ongoing certification program for HIV RNA quantitation sponsored by the National Institutes of Health. 10 The baseline plasma level of HIV-1 RNA was defined as the arithmetic mean of two measurements obtained within one month of the start of therapy. Sequential plasma samples from individual patients were assayed in batches to avoid variability between assays.
In two children, the HIV-1 RNA values measured after treatment began were below the detection limit of the standard assay. Plasma samples from these children were subsequently tested with 450 m l of plasma and a modified assay that had a detection limit of 20 copies of HIV-1 RNA per milliliter. 11
HIV-1-Specific Immune Responses
Plasma HIV-1 IgG antibodies were measured with a commercial immunoassay (Cambridge Biotech). The specificity of plasma IgG antibodies for the HIV-1 gene product was assessed by a Western blot assay (Cambridge Biotech). A dot blot assay was used to detect plasma IgA antibodies. 12 Assays to detect HIV-1-specific cytotoxic T lymphocytes were performed after virus-specific stimulation of PBMCs. 13 
Measurement of Antibodies to Childhood Vaccines
Routine childhood immunizations were administered according to the recommended schedule. IgG antibodies to Haemophilus influenzae and hepatitis B surface antigen were measured by an enzyme-linked immunosorbent assay (ELISA).
RESULTS
Study Patients
Eight maternally infected children 2 to 16 months of age (three female and five male) were enrolled in this study; six were 4 months old or less at enrollment (Table 1 ). All the patients were asymptomatic or only mildly symptomatic 15 at study entry. Three children (Patients 5, 6, and 8) had never received antiretroviral therapy. The remaining five had received zidovudine therapy.
The regimen of antiretroviral drugs used was well tolerated by all the study patients. No clinically significant adverse events related to the study drugs were reported.
Plasma Nevirapine Concentrations
The patients' median trough plasma concentrations of nevirapine during the treatment period ranged from 2.7 to 8.6 m g per milliliter. There was no apparent association between the trough concentration of nevirapine in plasma and the reduction in plasma HIV-1 RNA (data not shown).
Effect of Treatment on the HIV-1 Load in Peripheral Blood
The patients' plasma HIV-1 RNA levels before therapy ranged from approximately 41,000 to approximately 1.5 million copies per milliliter (Fig. 1 ). All the patients had rapid reductions in plasma HIV-1 RNA; *Patients 2 and 3 were fraternal twins. †The definitions of the timing of infection were those used by Bryson et al. 14 minimal reductions of 96 percent (a decrease of 1.5 in the log of the number of copies per milliliter) were observed in seven of the eight infants within two to four weeks of the start of therapy. Plasma HIV-1 RNA levels remained below the base-line levels (falling to 4 to 30 percent of base line) through the entire six months of therapy in seven of the eight infants. Plasma HIV-1 RNA levels remained below the base-line levels throughout the six months of therapy in five of the six infants whose treatment began at four months of age or less. Three of these six infants had lasting reductions of at least 96 percent (1.5 log) in their plasma RNA levels over the six months of the study, including a pair of fraternal twins (Patients 2 and 3) in whom these levels fell below 400 copies per milliliter by days 168 and 56, respectively.
The base-line plasma HIV-1 cultures were positive in five of the eight infants at titers ranging from 62 to 7812 tissue-culture infectious doses per milliliter ( Table 2 ). All five of these infants were three months old or less, and only one (Patient 4) was receiving zidovudine when the culture was obtained. Infectious HIV-1 was undetectable in plasma in all the infants by day 28 of therapy and remained undetectable through day 168 in six. One infant (Patient 1) had a positive plasma culture at day 168 and had negative cultures on subsequent follow-up. Plasma cultures from Patient 4 were negative on days 28 and 84; not enough blood was obtained from this patient for plasma cultures to be performed at the end of the study.
HIV-1 was isolated from PBMCs from all infants at least twice before therapy began; HIV-1 titers in the PBMC cultures before therapy ranged from 8 to 206 infectious units per million cells (Table 3) . Reductions in these titers were noted in all the infants but one by day 28, and all the infants had reduced titers on day 168. PBMC cultures became negative in Patients 2, 3, and 4.
Throughout the study period, HIV-1 provirus was detected by PCR in PBMCs from all the infants, including Patients 2 and 3.
Effects of Treatment on Lymphocytes
At entry into the study, the percentage of CD4 T lymphocytes in the peripheral blood was normal for the patient's age in all but one infant (Patient 8). The percentage of CD4 T lymphocytes in the peripheral blood remained stable or increased slightly in all the patients over the course of the study (Fig. 1) . Hypergammaglobulinemia has been frequently described in infants with HIV-1 infection and is thought to be due to the activation of B cells by the virus. When they were tested at about the age of one year, three of five infants who began the three-drug regimen before the age of four months had hypergammaglobulinemia (data not shown). In Patients 2 and 3, the total plasma IgG levels measured at 13 and 16 months were within the normal limits for the patient's age.
Numbers of CD8 T lymphocytes are expanded early in infants infected by their mothers, largely because of an expansion in the CD8 ϩ CD57 ϩ and CD8 ϩ DR ϩ populations. 16 In this study, expanded populations of CD8 ϩ CD57 ϩ and CD8ϩDRϩ T lymphocytes were found in the peripheral blood of infants who had persistently detectable plasma HIV-1 RNA during treatment (data not shown). These lymphocyte populations were not expanded in Patients 2 and 3. 
Immune Responses to HIV-1 and Childhood Immunizations
Diminished antibody responses to routine childhood immunizations have been described in children with HIV-1 infection. 17 The plasma HIV-1 IgG titers measured by ELISA in Patients 2 and 3 decreased with time and became negative (Fig. 2) ; the kinetics of the HIV-1-antibody clearance was identical to that observed in uninfected infants born to HIV-1-seropositive mothers. Concomitantly, the loss of plasma IgG antibodies to HIV-1 gene products was noted on the Western blot assay (data not shown). HIV-1-specific IgA antibodies were not found in the plasma of either Patient 2 or Patient 3 at 6 and 12 months of age. In contrast, infants who remained positive for plasma HIV-1 RNA produced HIV-1-specific IgG antibodies actively. Altogether, the data suggest that the IgG antibodies detected early in Patients 2 and 3 were passively acquired maternal antibodies that were cleared with time. The failure to produce HIV-1-specific antibodies is consistent with the marked suppression of HIV-1 replication in these two infants.
Antibody responses to H. influenzae and hepatitis B virus antigens given at immunization were detected in the peripheral blood of Patients 2 and 3 (data not shown). Variable antibody responses to vaccine antigens were noted in all the other infants.
There was sufficient in vitro proliferation of PBMCs to permit testing for HIV-1-specific cytotoxic T lymphocytes only in samples obtained at 3 1 ⁄2 months of age from Patient 2 and only in samples obtained at 3 1 ⁄2 and 10 months of age from Patient 3, despite good in vitro proliferation of PBMCs at the same times in response to monoclonal antibody to CD3. No responses of HIV-1-specific cytotoxic T lymphocytes were detected in PBMCs from Patients 2 and 3.
Follow-up of the Two Infants with Undetectable Plasma HIV-1 RNA
Longer follow-up of Patients 2 and 3 was undertaken. Since HIV-1 RNA was repeatedly undetectable in their plasma by the routine assay, plasma samples from these infants were also studied by an ultrasensitive assay with a detection limit of 20 copies per milliliter. 11 In Patient 2, plasma HIV-1 RNA levels remained below 20 copies per milliliter through month 15 of therapy. At 16 months, plasma HIV-1 RNA was detected on two occasions 2 weeks apart (1117 and 1546 copies per milliliter). A review of the records for Patient 2 showed that the child had received an influenza immunization 12 days before HIV-1 RNA was first detected. Therapy with zidovudine, didanosine, and nevirapine was discontinued, and a regimen consisting of zidovudine, lamivudine (Epivir, Glaxo Wellcome), and ritonavir (Norvir, Abbott Laboratories) was instituted. Three weeks after the antiretroviral therapy was switched, the plasma HIV-1 RNA level was again below 400 copies per milliliter, and it remained at that level throughout an additional month of follow-up (month 18). Interestingly, HIV-1-specific IgG antibodies were detected by ELISA and the Western blot assay in this child's plasma concurrently with the detection of HIV-1 RNA. Despite the transient detection of plasma HIV-1 RNA, HIV-1 has not been recovered from plasma or PBMCs. Peripheral-blood CD4 and CD8 T-cell counts have remained normal for the patient's age.
Patient 3 has continued to be treated with zidovudine, didanosine, and nevirapine for 18 months. During this period, she has received all routine childhood immunizations. Her plasma HIV-1 RNA level has remained below 20 copies per milliliter. No HIV-1-specific IgG antibodies have been detectable in plasma by ELISA. The HIV-1 genome has been persistently detected at a level of 100 to 178 copies per million CD4 T lymphocytes. The proportions of CD4 and CD8 T lymphocytes have remained normal for the patient's age.
DISCUSSION
We evaluated the safety and antiretroviral activity of a three-drug combination therapy in HIV-1-infected infants and children. Since six of the eight infants began their therapy before the age of five months, we also evaluated the efficacy of the combination therapy when it was begun early in the course of maternally acquired HIV-1 infection. The treatment was well tolerated, with no clinically significant adverse events. Of the eight infants, seven had reductions of at least 0.5 log in their plasma HIV-1 RNA levels throughout the six months of therapy. The antiretroviral activity of the combination therapy in maternally infected infants was therefore similar to that reported in adults with no previous antiretroviral therapy. 18 In a study of nevirapine monotherapy, 7 the loss of antiretroviral activity over time was associated with the isolation of viruses with decreased in vitro sensitivity to nevirapine. In our study, all the viruses isolated from the study patients before therapy were sensitive to nevirapine (data not shown). Viruses with decreased sensitivity to nevirapine were isolated during the treatment period from all five infants (Patients 1, 4, 5, 6, and 8) who had partial rebounds in their plasma HIV-1 RNA levels. Viruses isolated from Patients 2, 3, and 7 remained susceptible to nevirapine. The emergence of resistance may explain the partial loss of antiretroviral activity observed in some infants.
Over the six months of the study, there was clearance of detectable plasma HIV-1 RNA in a pair of fraternal twins (Patients 2 and 3) who had the intrapartum (or "late") pattern of infection. The twins began combination therapy at the age of 2 1 ⁄2 months. Their outcomes after three-drug therapy have differed during follow-up. Although the baseline plasma HIV-1 RNA levels in Patients 2 and 3 were similar, HIV-1 RNA was cleared more rapidly from the plasma of Patient 3 and remained undetectable through month 18 of therapy. Patient 2 was slower to have clearance of HIV-1 RNA, and RNA was detected again in this infant's plasma after month 16 of therapy.
Interestingly, infectious plasma and PBMC titers before therapy were higher in Patient 2 than in Patient 3, suggesting that Patient 2 may have had a higher initial inoculum of infectious virus. Although these twins were probably infected with a single viral strain or with closely related strains, infection with different strains could explain the divergent outcomes. However, host factors, such as the size of the pool of activated CD4 T lymphocytes and differences in immune responses, may have influenced the outcomes. Extinguishing HIV-1 replication took longer in both infants than the estimated two to three weeks previously proposed. 6 This may be due to differences in the potency or mechanisms of action of the antiretroviral drugs used. Alternatively, the slower rate of HIV-1 RNA clearance may be due to the larger pools of activated CD4 T lymphocytes in young infants.
It has been predicted that during primary infection in adults, using therapeutic regimens that completely inhibit viral replication may lead to the complete eradication of HIV-1 within two to three years. Whether continued control of HIV-1 replication and eventual viral eradication will occur in Patients 2 and 3 with the current combination of drugs depends on the longevity of the infected cell populations, the proportion of latently infected cells that is capable of producing infectious viruses, and the ultimate efficiency of the combination therapy in preventing new infections of cells. It may also depend on the ability of antiretroviral agents to penetrate potential "sanctuary" sites, such as the central nervous system, and control viral replication there. Both zidovudine and nevirapine penetrate the central nervous system well.
We studied HIV-1-specific and general immune responses in the infants who began three-drug therapy before the age of four months. Active production of HIV-1-specific antibodies was documented in all the children with ongoing replication of HIV-1. In contrast, the active production of HIV-1 IgA and IgG antibodies was not observed in Patients 2 and 3, even though high titers of infectious virus were isolated from their plasma and PBMCs for several weeks before therapy. This finding is compatible with one of documented seroreversion in an infant recently reported to have had clearance of maternally acquired HIV-1 infection 19 and with the transient, low-level antibody production in neonatal macaques with limited replication of simian immunodeficiency virus in early infection. 20 The presence of high titers of maternal HIV-1 antibody when viral replication began may have dampened primary humoral immune responses. Alternatively, the large number of CD4 T cells initially infected may have impaired helper function and may account for the lack of detectable HIV-1-specific humoral and cytotoxic-T-lymphocyte responses. The normal immunoglobulin levels for the patient's age, the responses to vaccine antigens, and the subsequent seroconversion in Patient 2 suggest that infants who begin combination antiretroviral therapy early are capable of normal humoral immune responses.
Although most of the study patients were treated earlier and more aggressively than is currently the standard of care, our data suggest that instituting potent antiretroviral therapies even earlier is desirable. The high base-line plasma HIV-1 RNA levels and the rapid, profound reductions we observed in these levels are consistent with extremely rapid rates of viral turnover. Coffin 21 has estimated that, on average, a mutation occurs several times daily at every position in the HIV-1 genome. Although minimal genotypic heterogeneity has been described in even highly variable regions (such as the V3 region of the envelope protein 22, 23 ) of isolates obtained in early maternally acquired infection, our data suggest that by the age of two to three months diversification may have occurred to such a degree that mutations conferring resistance to antiretroviral drugs were present before therapy and were selected during therapy.
Altogether, these considerations suggest that therapy with potent combinations of antiretroviral drugs should be started as early as possible in infants with maternally acquired infection (probably within the first two to four weeks), to minimize the likelihood that antiretroviral resistance will emerge and to maximize the opportunity for long-term control of HIV-1 replication. Recent advances in the ability to diagnose maternally acquired HIV-1 infection within weeks of infection 24 should permit this strategy to be evaluated. 
